Abstract-The age of the majority of power transformers installed in the western electricity network reaches 30 to 60 years and replacement on short term seems eminent. A technically sound policy concerning the replacement of these assets requires a model that estimates the life expectancies of individual components and from that calculates parameters related to the behavior of a population of assets as a whole. We will illustrate the approach by applying it to a well-known degradation process: thermal degradation of the transformer paper insulation. In this paper we focus on the determination of the population reliability from individual reliabilities. These individual reliabilities are based on Arrhenius modelling of paper insulation degradation including its inherent uncertainties. A statistical failure model is used to obtain the population reliability figures. We demonstrate the modelling method by applying it to an existing population of power transformers in the Netherlands, to evaluate the expected replacement wave. Further, the model is applied to analyse alternative replacement scenarios.
INTRODUCTION
In the current western electricity network the majority of the components are installed between 1950 and 1980, the ages thereby varying between 30 and 60 years. Replacement on short term seems to be imminent and utilities are confronted with the following questions: -What is the life expectancy or reliability of individual components? -How do failure probabilities cumulate to a replacement wave? -(How) can the expected replacement wave be managed?
Proper maintenance and proactive grid upgrade increases the expected remaining life of individual transformers, and as a consequence the reliability of the population as a whole. The individual reliabilities allow selecting the most endangered assets, and load, maintenance and replacement policy can be adjusted and fine tuned. The effectiveness of the measures taken can be extracted from the population probabilities.
We employ a predictive model which involves three essential ingredients: reliability engineering, physical understanding of the degradation process, and actual knowledge of the present condition [1] . The model is applied to the degradation of the transformer winding insulation [2] - [7] . In earlier work a modeling approach for a transformer population was presented based on the mechanical strength of the paper insulation [8] - [9] .
II. MODELING TRANSFORMER RELIABILITY
The decline in the DP value (Degree of Polymerization) is a result of a cascaded chemical reaction resulting in the scission of the cellulose chains. A simplified temperature dependency model of the DP-value is given by the Arrhenius relation, as is extensively discussed in [2] - [5] . This has lead to the following relation:
where DP(t) is the DP-value at time t, DP(0) is the initial DP value and k(t) is the time dependent reaction rate. The time dependant reaction rate has the Arrhenius form
where E a is the molar activation energy, R g the universal gas constant, A a process constant and T the absolute temperature (see Table I ). For the T, the hotspot-value of the IEC (International Electrotechnical Commission) loading guide [6] is used. The steady state hotspot-temperature is
where I is the time dependent relative load per unit. The other input parameters are: oil exponent x; winding exponent y; loss ratio R; ambient temperature ș a ; Hot-spot to top-oil gradient ș hr ; and top-of-tank oil rise ¨ș or . The reliability is obtained by integration of all DP-values, indicated with Ȟ, according to
Here p dp is the distribution function of the DP-value and P th the probability that the transformer has failed with a specific DPvalue. In this case we use truncated normal distributions with mean ȝ equal to the DP-value on time t and ı equal to uncertainty value. For the DP-threshold paper insulation has a critical condition around a DP value of 250. An uncertainty of 10% in this value is assumed. The individual reliability results can be used to obtain the reliability of a transformer population. The method assumes that the individual reliabilities R i are uncorrelated. The probability that at least i out of a set of j transformers are operational is equal to the probability that the "last" transformer j has failed and from the remaining j-1 at least i transformers work, plus the probability that transformer j is in working order and a maximum of i-1 of the rest are working.
The superscript (i,j) indicates that at least i out of j transformers are still operational. The begin and end condition of (5) =0. This algorithm reduces the analysis for a system of up-to k failures from a population of N transformers to the order of N×k operations [8] , [10] . Moreover, the results for up to k-1, k-2, etc. are directly available as intermediate result of the recurrent analysis. From (5) the mean-time-to-failure (MTTF) of the failure of less than k transformers, MTTF k , can be written as
Equation (6) links the time with the population reliability. The population reliability R P belonging to the MTTF k is defined as
III. TRANSFORMER FLEET EXAMPLE
The installation dates of the combined population of two utilities consisting of 579 distribution transformers are depicted in Fig. 1 . The model is applied to investigate whether utilities have to be prepared for a failure wave of power transformers in the near future. The IEC transformer design guide [11] assumes a life span of 40 years under nominal loading conditions. If this would be the case, a failure wave could be expected between 2010 and 2020 assuming all transformers are nominally loaded. In order to make precise predictions the actual loads and load cycles of individual transformers must be incorporated. Further, the load is expected to gradually increase in the future.
As failure mechanism the paper degradation model discussed in Section II is taken for each individual transformer.
Many transformers lack precise historical data and assumptions have to be made. For the modeling parameters, the following conditions are taken: -installation date and cooling method is available from the database; -ambient temperature is taken according to average values; -historical load pattern is used and a regular increase in load is assumed; -the accuracy of all input parameters are taken 5% of their actual value, except for the load which is taken 10%; -all transformers are located outside, and cooled by wind; -transformers are continuously in operation.
The year of installation and the cooling modes are extracted from the combined population databases. From these populations, next to the installation time, the cooling modes: Oil-Natural-Air-Natural (ONAN), Oil-Natural-Air-Forced (ONAF), Oil-Forced (OF) and Oil-Directed (OD) are used as input parameters. The transformer parameters belonging to the cooling modes are derived from the current IEC loading guide [6] . For the ambient temperature, ș a , the temperature model of the IEC loading-guide [12] is used: One of the critical assumptions is the annual load growth. As a reference a value of 2% is chosen. In order to determine the sensitivity of the failure wave with respect to the load growth, this parameter is varied. The results are plotted in Fig. 1 . A 2% load growth results in a failure peak in the year 2063. A 0.5% lower or higher value shifts the peak 10 years forward or 15 years backwards, respectively. Furthermore, the peak narrows. This is related to accelerated ageing, when the rated transformer power is approached. This occurs for every transformer at the same moment, since they all are assumed to have equal load in the reference year.
IV. REPLACEMENT ALTERNATIVES
The transformer population model not only aims to predict future failure rates, but also to analyze the effectiveness of maintenance/replacement strategies. Two case studies are given. The first example studies the effect of a few hypothetical replacement approaches on the distribution transformer population discussed in Section III. The second example investigates the effects on a small population of transformers from which the load history is available. 
A. Transformer Fleet Example
This simplified alternative addresses a mitigation action, where any endangered transformer gets assistance in the form of load sharing with a new additional transformer. As an example, annually six transformers are added to the existing assets to relieve transformers that are expected to be aged considerably. The selection process takes place over a period of 40 years starting in 2009. An initial load of 0.4 p.u. and an annual load growth of 2% is assumed. In the transformer failure distribution of Fig. 2 it is seen that the replacement alternative (solid line) results in a reduction and a slight shift of the original replacement probability (dotted line). There is no preference in the order where to install the first new transformers. This is related to the equal load assumption taken for all transformers. No efficient selection can be made of transformers to be replaced. Only by actually measuring the DP values a transformer selection scheme is possible. If not, the number of transformers to be added yearly must be of the order of the total number of transformers involved divided by the expected duration up to the expected replacement peak, i.e. about thirteen transformers per year (dash-dotted line in Fig. 2 ).
The load of transformers depend on the region they are situated and on the type of users which are connected. The "equal load" assumption is only achieved when transformers would be permutated between substations with relatively large and low load. In this example, the load growth percentage is varied to enforce diversity in the individual loading scenarios. Five groups of different load growth percentages are formed with an almost equal number of transformers. The load growth percentages are between 1.8% and 2.2% with steps of 0.1%. All other assumptions are kept the same. Further, annually six most aged transformers get load sharing, which reduce their load by a factor two. The results are plotted in Fig. 3 . The following observations can be made: -As compared to the fixed 2% load growth simulation for all transformers (dashed line), the distributed growth rate (solid line) causes a broadening in Fig. 3 and a drop of the peak from 60 to 40 transformers per year. Transformers with high load growth tend to fail earlier and transformers with a relative low growth in load later, implying a broadened distribution. -If the policy of six added transformers is applied again a broader distribution is obtained for the 1.8-2.2% load growth situation (dash-dotted line) as compared to the equal growth (dotted line). However, the peak is completely shifted, indicating that now transformers can effectively be selected. -With distributed load growth, the replacement strategy of annually six transformers is far more efficient than in an equal load situation. The transformer data are extracted from the manufacturer's test reports. The dynamical temperature model is taken from [6] , [13] . The degradation parameters of the applied Kraft-paper are taken from Table 1 (Kraft, [4] ). The ambient temperature of all transformers is assumed to follow the temperature model of the former IEC loading-guide [12] as expressed in (8) .
B. Three Substation Example
Each substation contains two busbars with a connected transformer. The third transformer is only connected when one of the others is in maintenance. Since the busbars have unequal load and the spare transformer is only occasionally in operation, the expected remaining transformer lifetimes differ. These individual lifetimes are calculated and combined to a population reliability distribution. This distribution and its reliability density function are plotted in Fig. 4 (solid lines ). An equally shared load over all transformers in each substation is expected to result in a more efficient usage of the assets. To this end, the present loading strategy is compared to a shared load. Consider a hypothetical situation, where as from 2009 the two active transformers share equally the load of both busbars. Further, a rotating scheme is adopted for the third transformer such that over longer time all transformers are equally loaded. The result of this equal load scenario (dotted lines) is a steeper decline of the reliability and a delay of the first failure. The expected time of first failure is delayed by ten years and all transformers are expected to fail in half of the time.
V. DISCUSSION AND CONCLUSION
From the annual replacement strategies of Section IV-A it can be observed that the equal load is most unfavorable since there is no preference in the order of replacement, except for the installation date. The installation date however may hardly be reflected in the end of life distribution. Further, it can be seen that for a preventive replacement of all transformers, the transformers need to be replaced before the beginning of the failure wave. A variation in load growth percentage between transformers leads to a spread of the replacement wave. As further optimization one could consider having a dynamic replacement strategy starting with less replacements per year, but after some time this value is increased. Failure of transformers in the three substations of Section IV-B could be delayed by a rotating scheme, such they share more or less equal load. The negative effect is that the transformers will fail in a shorter period of time.
Apparently, it is more favorable to have transformers with a significant loss of life before adding an extra transformer than trying to get an equal load as much as possible. Judgment of these strategies not only involves a technical reliability model, but requires a complete asset management approach of which the technical model is a small, but crucial, part. The strategy of spreading the expected replacement wave over a manageable time period faces a difficult selection mechanism, depending heavily on correct information. The information needed for selecting the right set of transformers to be replaced are historical load, historical fault and failure situations, future load scenarios, future stresses, and maintenance schemes to mitigate secondary failures. The benefit of this strategy is that it is relatively easy to manage. The obvious downside is the fact that the components are not used for their maximum operational life. However, depending on replacement policy, the maximum utilization by having equal loads for all assets is not necessarily the best strategy economically. Figure 4 . The fleet reliability (top) and probability density function (bottom) of nine transformers in three substations: the solid line represents the original load situation; the dotted line represents the reliability of the substation, with two transformers equally loaded and using a rotation scheme.
